INTRODUCTION

1
Millions of tons of xenobiotic compounds are each year applied globally as pesticides in 2 agricultural production as well as on consolidated urban areas, along railways and roads and within 3 farmyards. As an outcome of this extensive environmental input natural water in rivers, lakes and 4 aquifers has been contaminated with trace amounts of pesticide residues. In Denmark, where over 5 99% of the drinking water originates from groundwater, the detection of pesticide residues above 6 the EC threshold limit of 0.1 µg l -1 has resulted in the costly closure of numerous groundwater 7 abstraction wells (29). Not only the pesticides themselves are monitored, selected stable metabolites 8 are also included and often these are detected more frequently than the pesticide itself (3). The most 9 commonly encountered pesticide residue in Danish groundwater is 2,6-dichlorobenzamide (BAM). 10 BAM is a metabolite produced from partial degradation of the benzonitrile herbicide 2,6-11 dichlorobenzonitrile (dichlobenil) (1, 9, 16 ) and is often highly persistent in the environment. 12
Dichlobenil is a broad-spectrum herbicide mostly used on non-agricultural areas as well as in plant 13 nurseries and fruit orchards. This herbicide was banned for use in Denmark in 1997, but BAM is 14 still the main pesticide residue in Danish groundwater, with 19.7% of the abstraction wells analyzed 15 in 2003 having detectable BAM concentrations and 8.1% of the wells containing BAM 16 concentrations exceeding the EC threshold limit of 0.1 µg l -1 for drinking water (3). Similar results 17 1 Dichlobenil and metabolites. Analytical grade dichlobenil (CAS RN 001194-65-6) (99.5% 2 purity, 18 mg l -1 water solubility at 20ºC), BAM (CAS RN 002008-58-4) (95.5% purity, 2,730 mg 3 l -1 water solubility at 23ºC), 2,6-dichlorobenzoic acid (CAS RN 000050-30-6) (99.5% purity, 4 14,100 mg l -1 water solubility at 20ºC), benzonitrile (CAS RN 000100-47-0) (99.5% purity, water 5 solubility 2,000 mg l -1 at 25ºC), benzoic acid (CAS RN 000065-85-0) (99.5% purity, water 6 solubility 3,400 mg l -1 at 25ºC) were all purchased from Dr. Ehrenstorfer (Augsburg, Germany). 7
Ortho-chlorobenzonitrile (CAS RN 000873-32-5) (99% purity, water solubility unknown), ortho-8 chlorobenzamide (CAS RN 000609-66-5) (97% purity, water solubility unknown), ortho-9 chlorobenzoic acid (CAS RN 000118-91-2) (98% purity, water solubility 2,090 mg l -1 at 25ºC) were 10 acquired from ABCR GmbH & Co (Karlsruhe, Germany). Benzamide (CAS RN 027208-38-4) 11 (99.3% purity, water solubility unknown) was obtained from Acros Amresco ICN Biomedicals 12 (Irvine, CA). [ring-U- 14 C]dichlobenil (28.3 mCi mmol -1 ) ( 14 C-dichlobenil) and [ring-U- 14 C]BAM 13 (25.2 mCi mmol -1 ) ( 14 C-BAM) were purchased from International Izotop (Budapest, Hungary). 14 Radiochemical purities better than 95% were verified for the 14 C-dichlobenil and 14 C-BAM in our 15 laboratory by a TLC-based assay. Both these 14 C-tracers are labeled in the ring structure, which 16 enables us to conclude that mineralization is occurring whenever more than 5% of the initially 17 unlabeled compound in dimethylsulfoxide. The lowest concentrations tested were 7.9 nM BAM and 1 8.7 nM dichlobenil corresponding to the addition of only 14 C-labeled compound equal to 2 approximately 10,000 DPM per flask. The highest dichlobenil concentration tested, 290.7 µM, was 3 above the solubility of dichlobenil and crystals were visible at the initiation of the experiment. 4
Degradation of dichlobenil, BAM and seven other dichlobenil metabolites and structural analogs 5
by the Aminobacter strains was tested in 5.0 ml MS medium supplemented with 50.0 µM of each 6 compound individually. 4.9 ml MS medium was inoculated with 0.1 ml of a washed cell suspension 7
having an OD 600nm of 0.5 and sub-samples were analyzed by the high-performance liquid 8 chromatography (HPLC) method developed by Holtze et al. (8) following incubation for 14 days. 9
The quantification was performed using a Hewlett-Packard Series 1050 HPLC System equipped 10 with a UV detector (Phenomenex, Chire, UK) as described by Holtze et al. (8) . Prior to the HPLC 11 analysis, 750 µl sub-samples of the media were filtered through a 0.2 µm PTFE membrane 17 mm 12 syringe filter (Titan Filtration Systems, Sun SRI, Wilmington, NC) and the last 250 µl were 13 collected for analysis. The HPLC detection limits for the nine compounds were < 1 µM (0.035 - 
RESULTS
5
Isolation and characterization of a BAM-mineralizing bacterium. A previously described 6 BAM-mineralizing mixed bacterial enrichment culture was successfully revived and used for 7 enrichment and isolation of the BAM-mineralizing bacterial strain MSH1. Isolate MSH1 is a gram-8 negative irregular motile rod with a width of 0.6 -0.8 µm and a length of 2.0 -3.5 µm after growth 9 in nutrient-rich broth. It is oxidase, catalase and urease positive. MSH1 did not hydrolyze esculin, 10 gelatine, tween 80, DNA or starch. It is negative in tests for nitrate reduction and production of H 2 S. 11
When grown on R2A agar its colony morphology is similar to that of Aminobacter sp. ASI1 with 12 white colonies having a characteristic reddish-brown center appearing after 4 -5 days at 20°C. 14 CO 2 (data not shown). This might reflect an inhibition of the degradative 2 activity by strain MSH1 with high dichlobenil concentrations. Minor evaporation of 14 C-dichlobenil 3 into the base trap was measured during the 10 day experiment with a maximum of 2.5 ± 1.0% 4 detected in the flask initiated with 5.8 µM dichlobenil. Aminobacter sp. ASI1 was tested for 5 mineralization with the three lowest concentrations of BAM and dichlobenil ( Fig. 2C and 2D ). ASI1 6 mineralized BAM to a higher extent than MSH1, with 43.5 -66.6% of the added BAM mineralized 7 to 14 CO 2 within 10 days (Fig. 2C ), and ASI1 in contrast to strain MSH1 had no degradative activity 8 towards dichlobenil ( Fig. 2D and Table 1 ). Dichlobenil evaporation into the base trap was 9 quantified to a maximum of 2.4% (± 0.1%) of the initially added 14 C-dichlobenil during the 18 day 10 experiment with ASI1. 11
Growth and yield studies with strains MSH1 and ASI1. Strain MSH1 used BAM as well as 12 dichlobenil as sources of carbon, nitrogen and energy for growth and the cell density after 13 mineralization of different BAM concentrations estimated by plating unto R2A is presented in 14 (Table 2) . 6
With a 99.9% BAM depletion the most efficient degradation was apparent with strain MSH1 and 7 initial BAM concentrations from 5.3 µM BAM and above. At the BAM concentrations below 5.3 8 µM the two strains were highly similar in their BAM efficiency with remaining residues in 9 concentrations of 0.35 -0.41 nM BAM. This is in contrast to the different extent of 14 C-BAM 10 mineralization observed for the two strains by measuring 14 CO 2 production (Fig 2A and 2C) . 11
Following the mineralization of dichlobenil by MSH1 (Fig. 2B ) sub-samples of the liquid 12 medium were analyzed using the ELISA-approach. No BAM was detected below an initial 13 dichlobenil concentration of 5.9 µM (Table 3) Denmark we have obtained a collection of soils with indigenous microorganisms capable of 10 mineralizing the groundwater contaminant BAM. This metabolite was previously considered 11 persistent in the environment. Within this screening we also located one apparently unique soil, 12 sampled from the courtyard of a former plant nursery, able to perform a rapid and extensive 13 mineralization of dichlobenil itself. This soil served as the basis for the BAM-grown enrichment 14 culture revived and used to isolate Aminobacter sp. MSH1 within the current study. This isolate 15 reflects the degradation capacity of the original soil and mineralizes both BAM and the mother 16 compound dichlobenil. Similarly, the recently isolated Aminobacter sp. strain ASI1 mirrors the 17 degradation capacity of its native soil performing only BAM mineralization and has no capacity to 18 degrade dichlobenil. However, the ability to degrade dichlobenil to BAM seems to be widespread, 19 as even bacteria without any previous contact with the herbicide are capable of performing this 20 initial degradation step (9) possibly explaining the much more frequent detection of BAM as a water 21 contaminant in comparison to dichlobenil. Furthermore, dichlobenil is moderately to strongly 22 sorbed to soils, opposite BAM that has a much lower soil sorption and higher water solubility (5), 23 which suggests that dichlobenil could act as a soil-sorbed reservoir slowly releasing BAM to the soil 1 water. The fact that our previous screening only located one soil performing extensive dichlobenil 2 mineralization, in contrast to several soils performing rapid BAM mineralization, likewise suggests 3 that the high soil sorption of dichlobenil restricts its availability to the soil microorganisms as 4
shown for other pesticide residues (e.g. 11), whereby the microbial populations within a 5 dichlobenil-treated area are more exposed to BAM than to dichlobenil itself. Microbial adaptation to 6 biodegradation of various persistent pesticides as a consequence of prolonged exposure has been 7 described before (e.g. 7,36), and the same phenomenon seems like a plausible explanation for the 8 occurrence of BAM-mineralizing bacteria in dichlobenil-treated soils. 9
Besides the difference in the metabolic versatility of our two Aminobacter isolates they seem to 10 be highly taxonomically similar. The α-proteobacteria genus Aminobacter was proposed by 11 closely related to each other our two BAM-mineralizing strains are also highly similar to all five 20
Aminobacter species (Fig. 1) . 16S rRNA gene sequencing and alignment suggests that strains niigataensis, all appeared to harbor nitrile hydratase activity degrading benzonitrile to benzamide. 12 Additionally, A. aganoensis and A. niigataensis were both capable of degrading benzoic acid (Table  13 1). These compounds are non-chlorinated structural analogs to dichlobenil and the dichlobenil-and 14 BAM-metabolite 2,6-dichlorobenzoic acid which indicates that these Aminobacter strains naturally 15 may develop the entire degradation pathway upon acquiring or evolving genes encoding enzymes 16 involved in the initial steps of the mineralization pathway. One defining feature of members of the 17 genus Aminobacter is that they are facultative methylotrophs capable of utilizing methyl-amine as 18 growth substrates (38). According to this utilization of the side-chain of BAM may also be part of 19 the explanation for the proliferation of the BAM-mineralizing Aminobacter strains in our study. 20
Besides using the nitrogen and possibly also the carbon from the side-chain of BAM, both strains 21 ASI1 and MSH1 were capable of mineralizing the ring structure with a maximum of 60 -70% 14 C-22 ring-carbon metabolized to 14 CO 2 . The remaining 14 C may serve as a carbon source whereby it is 23 incorporated into the biomass as known from other pesticide-mineralizing isolates (27,28). The 24 have reported threshold concentrations for biodegradation of xenobiotics below which no extensive 4 degradative activity has been detected. The phenomenon is often explained by lack of microbial 5 growth below a critical substrate concentration being in the micro-to nano-molar range (e.g. 6 23,34,35). Such thresholds therefore appear as an obvious explanation for the persistence of 7 biodegradable pesticide residues at trace concentrations in water resources. Some observations 8 however suggest that bacteria adapted to processing low concentrations of xenobiotic compounds 9
A C C E P T E D
can be isolated (20,35). Both Aminobacter sp. strain MSH1 and strain ASI1 appeared to be very 10 efficient at degrading and mineralizing ecologically relevant concentrations of BAM. The EC 11 threshold limit of 0.1 µg l -1 for pesticide residues in drinking water corresponds to 0.53 nM BAM 12 and both isolates were capable of removing BAM to concentrations below this threshold limit when 13 provided with initial BAM concentrations of 7.9 nM and 534.1 nM (Fig. 2 and Table 2 Initial cell density was 4 × 10 6 ml -1 .
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